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Abstract 

Different forms of acute kidney injury (AKI) have been associated with endoplasmic reticulum (ER) stress; these include AKI 
caused by acetaminophen, antibiotics, cisplatin, and radiocontrast. Tunicamycin (TM) is a nucleoside antibiotic known to 
induce ER stress and is a commonly used inducer of AKI. 4-phenylbutyrate (4-PBA) is an FDA approved substance used in 
children who suffer from urea cycle disorders. 4-PBA acts as an ER stress inhibitor by aiding in protein folding at the 
molecular level and preventing misfolded protein aggregation. The main objective of this study was to determine if 4-PBA 
could protect from AKI induced by ER stress, as typified by the TM-model, and what mechanism(s) of 4-PBA's action were 
responsible for protection. C57BL/6 mice were treated with saline, TM or TM plus 4-PBA. 4-PBA partially protected the 
anatomic segment most susceptible to damage, the outer medullary stripe, from TM-induced AKI. In vitro work showed that 
4-PBA protected human proximal tubular cells from apoptosis and TM-induced CHOP expression, an ER stress inducible 
proapoptotic gene. Further, immunofluorescent staining in the animal model found similar protection by 4-PBA from CHOP 
nuclear translocation in the tubular epithelium of the medulla. This was accompanied by a reduction in apoptosis and 
GRP78 expression. CHOP _/ ~ mice were protected from TM-induced AKI. The protective effects of 4-PBA extended to the 
ultrastructural integrity of proximal tubule cells in the outer medulla. When taken together, these results indicate that 4-PBA 
acts as an ER stress inhibitor, to partially protect the kidney from TM-induced AKI through the repression of ER stress- 
induced CHOP expression. 
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Introduction 

Endoplasmic reticulum (ER) stress is caused by the accumula- 
tion of unfolded or misfolded proteins in the ER [1]. The ER 
chaperone GRP78 binds to the accumulating unfolded proteins 
after dissociating from ER transmembrane proteins, where it is 
typically anchored. These anchor proteins then transduce the 
signals involved in initiating the unfolded protein response (UPR) 
[2] . Initiation leads to the activation of three main UPR pathways, 
the inositol requiring enzyme- 1 (IRE1) pathway, the activating 
transcription factor 6 (ATF6) pathway, and the protein kinase-like 
ER kinase (PERK) pathway [3] . IRE 1 can be found in yeast, and 
therefore represents the first evolved arm of the UPR. Upon 
activation, a UPR specific transcription factor (HAC 1 in fungi, or 
XBP1 in animals) is cleaved in two specific positions. This results 
in a spliced transcript that is translated to the active form of XBP1 . 
It is translocated to the nucleus to act as a transcription factor 
inducing the expression of UPR genes, including the molecular 
chaperones GRP78 and GRP94. When ATF6 is activated, it is 
translocated to the Golgi, where site 1 and site 2 proteases remove 
the luminal domain and the transmembrane anchor, respectively. 



This allows the N-terminal cytosolic fragment to translocate to the 
nucleus, activating UPR target genes [4] . PERK is an ER-resident 
transmembrane kinase, which is autophosphorylated when 
unfolded or misfolded proteins accumulate in the ER. Phosphor- 
ylated PERK phosphorylates eIF2a, which then leads to general 
protein translation attenuation and the increased transcription of 
ATF4. The expression of the ATF4 target CHOP, also known as 
GAFJD153, is induced, which increases the formation of the 
GAFJD34-PP1 complex. This goes on to dephosphorylate 
phosphorylated eIF2a [4] . This re-initiation of protein synthesis 
through eIF2ot dephosphorylation may be why CHOP exerts 
proapoptotic effects in cells that have not yet resolved ER stress 
[5]. 

GRP78 and CHOP are well-established markers of ER stress 
and UPR activation. CHOP is a proapoptotic UPR response gene 
and may play a role in the contribution of ER stress to acute 
tubular necrosis (ATN) and the resulting acute kidney injury 
(AKI). AKI, the primary pathology of which is ATN, can be 
caused by ischemia [6,7], nephrotoxic drugs [8,9], or radiocontrast 
medium [10]. The tubular injury in response to many of these 
insults has been associated with ER stress [8-10]. In addition, 
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tunicamycin (TM), a known inducer of ER stress, has previously 
been used as a model of antibiotic-induced AKI [1 1]. It prevents 
N-linked glycosylation, and has both antibiotic and antiviral 
properties. Several other studies have shown its effects on the 
kidney, including upregulated ER stress response proteins, 
extensive tubular interstitial damage at the cortico-medullary 
junction, and increased apoptosis [5,11-15]. 

4-phenylbutyrate (4-PBA) is a low molecular weight chemical 
chaperone that is currendy approved for clinical use in urea cycle 
disorders. 4-PBA has 3 main biologic effects: it is an ammonia 
scavenger [16], a weak histone deacetylase (HDAC) inhibitor [17], 
and an ER stress inhibitor [18-20]. It has been shown to restore 
glucose homeostasis in obese mice [21], and has been used in 
clinical trials for treatment of cystic fibrosis [22], sickle cell disease 
[23], neurodegenerative diseases [24] and certain cancers [25-27]. 
Many of theses intervention trials with 4-PBA have relied on the 
effect of this drug to reduce ER stress. 

We therefore hypothesized that 4-PBA would prevent kidney 
damage in a TM model of AKI through inhibition of ER stress- 
induced CHOP expression. To investigate this hypothesis, we 
examined a number of ER stress markers, as well as apoptotic 
markers both in vitro and in vivo. This is the first in vivo study, to our 
knowledge, detailing a renoprotective effect of 4-PBA in AKI. 

Methods 

Ethics Statement 

All animal work was done in accordance with and approved by 
the McMaster University Animal Research Ethics Board. 

Cell Culture 

HK-2 cells were used as a cell model system of human renal 
proximal tubular epithelial cells. These cells are an immortalized 
human proximal tubule cell line obtained from ATCC [28]. HK-2 
cells were cultured in a 1:1 ratio of DMEM 1 g/L glucose media 
(Invitrogen; Carlsbad, CA) and F12 GlutaMAX nutrient mix 
(Invitrogen) containing 1 x penicillin/ streptomycin antibiotic 
(Invitrogen) and 0.5 x non-essential amino acids (Invitrogen). For 
Western blotting experiments, cells were grown to confluence on 
6-well tissue culture plates (BD Falcon, Mississauga, Canada) and 
for apoptosis experiments, confluent cells were treated on 
borosilicate glass cover slips to allow subsequent microscopic 
analysis. 

Reagents 

DMSO (Sigma-Aldrich) was used to dissolve non-water soluble 
reagents and as a vehicle control. TM was purchased from Sigma- 
Aldrich (St. Louis, MO). 4-PBA sodium salt was purchased from 
Scandinavian Formulas (Sellersville, PA). Paraformaldehyde was 
obtained as a 4% solution in phosphate buffered saline (BioLynx 
Inc; Brockville, Canada) and used for fixation. 

Animal Studies 

Wild type C57BL/6 mice were purchased from Charles River 
(Charles River Laboratories International, Inc., Wilmington, MA) 
and CHOP 1 mice were obtained from Jackson Laboratories 
(Stock Number: 005530). Mice were maintained at McMaster 
University with free access to food and drinking water. Animals 
were housed with a 12-hour light dark cycle. Wild type animals 
ranging from 21-28 weeks of age were utilized to examine the 
effects of 4-PBA on AKI. Sham mice (N = 13) had a mean body 
weight of 33.2 g. TM-treated mice (N= 14) weighed on average 
29.0 g. TM with 4-PBA-treated mice (N= 15) had an average 
weight of 28.9 g. Mice were given regular drinking water or 4- 



PBA (1 g/kg/day) in the drinking water for 10 days. On the 
seventh day, mice were intraperitoneally (LP.) injected with TM 
(0.5 mg/kg). On the tenth day, mice were sacrificed, and kidneys 
were harvested. CHOP 1 mice were utilized from 12—30 weeks 
of age. Sham mice (N = 4) had an average weight of 20.3 g, while 
TM-treated mice (N = 6) had a mean weight of 23.2 g. Mice were 
LP. injected with TM and three days afterwards were sacrificed 
via exsanguination, and kidneys were harvested. 

Assessment of Renal Pathology 

Kidneys were sectioned and stained with Periodic Acid-Schiff 
reagent (PAS). Briefly, kidney sections were mounted on micro- 
scope slides. Sections (4 u.m thick) were cut, air-dried, and 
deparaffmized through a series of xylene and graded ethanol 
(1 00%— 70%). Slides were oxidized in 1% aqueous periodic acid, 
treated with Schiff reagent, counterstained with haematoxylin, and 
then mounted. The kidneys were scored for tubular damage by 
two independent investigators blinded to the treatment groups as 
follows: (0) 0% kidney damage, (1) 1-25% kidney damage, (2) 26- 
50% kidney damage, (3) >50% kidney damage. Damage was 
defined as vacuolization of the tubular epithelium, as well as its 
denudation and loss of cellular nuclei. Scores were collected then 
averaged to produce a single score for each animal. Kidney 
sections also underwent Masson's Trichrome staining to further 
evaluate tissue damage and fibrosis. Nine or more animals were 
scored in each treatment group. 

Urine and Plasma Analysis 

Animals were placed in metabolic cages prior to sacrifice. After 
24 h, food and water intake were measured, and urine was 
collected. Urine was then sent to our in-house laboratory (St 
Joseph's Healthcare Hamilton) for levels of urinary protein to be 
measured. Animals were sacrificed via exsanguination; blood was 
collected from the left ventricle in heparinized tubes, and 
subsequently centrifuged to separate the plasma. Plasma samples 
were sent to our in-house laboratory for levels of plasma creatinine 
to be measured. 

Gel Electrophoresis 

Total cell lysates were generated in 4x SDS lysis buffer with 
protease inhibitor cocktail (complete Mini; Roche; Laval, Canada) 
and phosphatase inhibitor cocktail added. Protein levels were 
determined using BioRad DC Protein Assay (BioRad, Mississauga, 
Canada) for control of protein loading. Cell lysates were subjected 
to electrophoretic separation in an SDS-PAGE reducing gel 
(BioRad). Primary antibodies were detected using appropriate 
horseradish peroxidase-conjugated secondary antibodies and ECL 
Western Blotting Detection Reagents (GE Healthcare, Missis- 
sauga, Canada), as described previously [29-3 1] . CHOP antibody 
(sc-793, Santa Cruz Biotechnology; Santa Cruz, CA) was diluted 
1:200, KDEL antibody (SPA-827, Stressgen) was diluted 1:1000, 
and P-actin antibody (Sigma) was diluted 1:4000. Results were 
densitometrically quantified using ImageJ software (NIH, 
Bethesda, MD, ver. 1.43) and expressed as a ratio of P-actin 
loading control. 

Apoptosis Assay 

A terminal deoxynucleotidyl transferase dUTP nick end 
labelling (TUNEL) staining kit (TMR-In situ cell death detection 
kit, Roche) was utilized to label cells undergoing apoptosis in vitro, 
as previously described [32]. Apoptotic cells and total cells were 
counted and analyzed using ImageJ software. Total cell counts 
were based on 4',6-diamidino-2-phenylindole (DAPI) nuclear 
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Figure 1. Anatomical structures affected by tunicamycin (TM)-induced acute kidney injury. C57BL/6 wild type mice were treated with 
saline (VEH), TM for 3 days, or pre-treated with 4-PBA for 7 days followed by 3 days of TM and 4-PBA co-treatment. PAS staining of mouse kidney 
sections indicate that TM causes acute kidney injury primarily in the outer stripe of the outer medulla (Outer Stripe Outer Medulla, arrows) of the 
kidney. 4-PBA treatment combined with TM inhibits this effect. TM also induced cortical proximal convoluted tubule (Cortical Prox. Conv. Tubule, 
arrow) damage; this effect was only partially inhibited by 4-PBA (arrow). Vascular bundles (Vase Bundle Inner Medulla) were unaffected by TM- 
induced acute kidney injury at this dose (0.5 mg/kg) or 4-PBA treatment (A; bar = 100 |im). Higher magnification images show the pars recta of the 
outer medulla in all treatment groups (arrows) and the damage induced by TM and its inhibition by 4-PBA (B; 40 x, bar= 100 urn; 60 x, bar = 50 um). 
The PAS-stained kidneys were scored for tubular damage as follows: (0) 0% kidney damage, (1) 1-25% kidney damage, (2) 26-50% kidney damage, (3) 
>50% kidney damage. Results indicate that 4-PBA inhibits tubular damage mediated by TM treatment (C). N = 1 0. *, P<0.05 vs VEH; * P<0.05 vs TM. 
doi:1 0.1 371 /journal.pone.0084663.g001 



staining. For cells to be considered TUNEL positive the red 
emission of the TMR-oligo tag was required to overlap with DAPI 
nuclear staining. This allowed the number of apoptosis-positive 
cells to be expressed as a percentage of total cells. Tissue sections 
were stained for apoptosis using the same TUNET assay kit 
according to the manufacturer's instructions. In this case, the level 
of apoptosis was expressed as the number of apoptotic cells per 
high-power field. 

Transfections 

HK-2 cells were transfected with pcDNA3.1 control vector 
alone or with the pcDNA3.1 vector containing the open reading 
frame for the human CHOP gene using FuGENE 6 transfection 
reagent (Roche) at a 6:1 ratio. Cells were then fixed with 4% 



paraformaldehyde, permeabilized, and stained with TUNEL and 
anti-CHOP antibodies (sc-575; Santa Cruz). HK-2 cells were 
transfected with CHOP siRNA (Thermo Scientific, Dharmacon 
ON-TARGET plus, SMARTpool) as per the manufacturer's 
instructions. Briefly, cells incubated overnight in a 6-well plate in 
antibiotic-free complete medium. siRNA and DharmaFECT 
transfection reagent were diluted in serum-free medium. After a 
five minute incubation, siRNA and DharmaFECT transfection 
reagent were combined and incubated for a further 20 mins. The 
transfection medium was then added to each well. Cells incubated 
at 37°C for 72 h, and were subsequendy treated with TM for 
48 h. Cells were then fixed with 4% paraformaldehyde and 
stained for TUNEL. A scrambled siRNA (Dharmacon, Non- 
targeting siRNA^l) was used as a siRNA transfection control. 
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Figure 2. Damage to the outer stripe of the outer medulla is 
induced by tunicamycin (TIM). C57BL/6 wild type mice were treated 
with saline (VEH), TM for 3 days, or pre-treated with 4-PBA for 7 days 
followed by 3 days of TM and 4-PBA co-treatment. Masson's Trichrome 
staining of mouse kidney sections indicate that TM causes acute kidney 
injury in the outer stripe of the outer medulla (arrows). This damage is 
prevented by co-treatment with 4-PBA. However, renal interstitial 
fibrosis was not induced by treatment with TM or 4-PBA (20 x, 
bar = 200 |im; 60 x, bar = 50 jj.m). 
doi:1 0.1 371 /journal.pone.0084663.g002 

Immunofluorescence 

Sections (4 um thick) were cut, air-dried, and deparaffinized 
through a series of xylene and graded ethanol (100%— 70%). Heat- 
Induced Epitope Retrieval was performed in Retrieve-AU-2 buffer 
(Signet Laboratories, Dedham, MA) pH 10, for 30 min followed 
by 0.1% Triton-X for 10 min at room temperature for CHOP 
staining [12]. No antigen retrieval was used for GRP78 staining 
[32]. Tissues were stained for CHOP to determine if treatment 
with TM or 4-PBA resulted in modifications in the expression of 



this transcription factor. Sections were incubated with either a 
rabbit anti-CHOP antibody (1:40, sc-575; Santa Cruz Biotech- 
nology) or a goat anti-GRP78 antibody (1:40, sc-1050; Santa Cruz 
Biotechnology). The primary antibody was detected using a 
species-specific secondary antibody conjugated to an Alexa dye at 
647 nm excitation wavelength, producing an emission maximum 
at 668 nm in the far-red region of the spectrum (1:500; 
Invitrogen). This emission wavelength was used due to the high 
levels of autofluorescence in the renal tubular epithelium at the 
typical emission wavelengths for FITC (520 nm) or tetramethylr- 
hodamine (580 nm). Sections were incubated with 100 ng/ml 
DAPI to label cell nuclei and mounted with Permafluor (Thermo 
Scientific). 

Fluorescence Microscopy 

An Olympus 1X81 Nipkow scanning disc confocal microscope 
was used for fluorescence microscopy. Image analysis was 
performed using Metamorph image analysis software (Molecular 
Devices, Sunnyvale, CA), as previously [32]. CHOP-positive cell 
nuclei were counted and expressed as a percent of total cell nuclei. 
Cell nuclei were identified with DAPI DNA-based staining and 
quantified using the cell scoring application in Metamorph 
software (ver 7.71). Utilizing this system, cell nuclei were gated 
to be between 5 and 20 microns in size and positivity for CHOP 
was assessed by significantly increased fluorescence intensity over 
tubular epithelial background utilizing Adaptive background 
correction™. Apoptotic cells were counted and expressed as the 
number of TUNEL positive nuclei in each high power field. 
CHOP analysis consisted of nine animals per group, while 
TUNEL analysis consisted of six animals per group. Six 
microscope fields were randomly sampled in both the cortex and 
the medulla. This allowed the quantification of approximately 
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Figure 3. 4-PBA significantly inhibits tunicamycin (TM)-induced CHOP expression. HK-2 cells were treated with DMSO (VEH), TM (1 ug/ml), 
4-PBA alone (1 mM), or TM with 4-PBA for 24 h. Cells were lysed and underwent Western blotting for GRP78, CHOP and p-actin (A). Densitometric 
analysis indicates that TM treatment significantly upregulated GRP78 expression. A combined treatment of TM with 4-PBA also resulted in increased 
GRP78 expression over VEH, but did not show increased expression over TM treatment. 4-PBA alone had no effect on GRP78 expression (B). CHOP 
expression was increased in response to TM treatment. Co-treatment of TM and 4-PBA resulted in increased CHOP expression, which was significantly 
higher than VEH treatment, but significantly lower than TM alone treatment. 4-PBA alone-treated cells showed no difference in CHOP expression, 
when compared with VEH (C). *, P<0.05 vs VEH; *, P<0.05 vs TM. 
doi:1 0.1 371 /journal.pone.0084663.g003 
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Figure 4. 4-PBA protects against tunicamycin (TM)-induced apoptosis, which is mediated by CHOP expression. HK-2 cells were treated 
with DMSO (VEH), TM (1 |ig/ml), TM with 4-PBA (1 mM) or 4-PBA alone for 24 h. Cells were then stained for apoptosis, using a TUNEL procedure (red). 
Apoptotic cells and total cells were counted. Results indicate that TM treatment significantly increased apoptosis. Co-treatment of TM with 4-PBA 
inhibited apoptotic cell death (A). HK-2 cells were transfected with a pcDNA3.1 control (VECTOR) or CHOP in a pcDNA3.1 vector, and 
immunofluorescently stained for CHOP (green) and TUNEL (red). Results indicate that increased expression of CHOP resulted in significantly more 
apoptosis than control-transfected cells (B). Cells were transfected with siRNA (Dharmacon ON-TARGET plus SMARTpool) to inhibit CHOP expression 
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and then treated with TM for 48 h. Cells experienced significantly less apoptosis than non-transfected TM-treated or control-scrambled siRNA (scRNA) 
transfected cells (C). DAPI was used to stain all cell nuclei (blue). *, P<0.05 vs. control; * P<0.05 vs. TM; $ , P<0.05 vs. scRNA. 
doi:1 0.1 371 /journal.pone.0084663.g004 



5000 cells for CHOP or TUNEL staining per animal per kidney 
region. GRP78 positive cells were quantified by thresholding for 
the specific emission of the secondary antibody tag (665 nm), and 
allowing the software to detect the percent thresholded area for 
each image, producing the area density of the quantified protein. 

Transmission Electron Microscopy (TEM) 

TEM was performed to assess the ultrastructural features of the 
proximal tubular cells (pars recta) of the outer medulla in wild type 
sham-, TM-, and TM + 4-PBA-treated mice, as well as CHOP -7- 
mice with or without TM treatment. Briefly, kidney tissues were 
fixed in 2% glutaraldehyde in 0.1 M cacodylate buffer, followed 
by fixation in 1 % Os0 4 in 0. 1 M cacodylate buffer. The tissue was 
then dehydrated in a graded series of ethanol and embedded in 
Spurr's resin for ultra-thin sectioning. Toluidine blue sections were 
cut to visualize the outer stripe of the medulla and once localized, 
were marked to allow the blocks to be trimmed for ultra-thin 
sectioning in this region. Ultra-thin sections were cut to 
approximately 100 nm in thickness with an ultramicrotome. 
Sections were then stained with uranyl acetate and lead citrate 
and observed with aJEOL 1200EX TEMSCAN (Tokyo Japan) at 
80 KV. 

Statistical Analysis 

Quantitative results were expressed as the mean ± SEM and 
statistically analyzed using the Student's t-test. The significance of 
differences in the means was assigned at a level of less than a 5 % 
probability (P<0.05) of the difference occurring by chance. 

Results 

Wild type C57BL/6 mice were randomized into three groups: 
(1) control (VEH), treated with saline (TP.; N = 13), (2) treated with 
TM (0.5 mg/kg, LP.; N= 14) or (3) co-treated with TM (0.5 mg/ 
kg, TP.) and 4-PBA (1 g/kg/day, drinking water; N= 15). Mouse 
kidney sections stained with PAS were examined for pathology in 
the major anatomical structures of the kidney to determine the 
precise location of the TM-induced AKI. The outer stripe of the 
outer medulla was the major region of damage induced by TM 
injection at this dose. The pars recta were identified as straight 
segments of proximal tubule, as shown by the presence of a 
prominent PAS-positive brush border. Damage was characterized 
by tubular atrophy, loss of brush border and epithelial cell 
vacuolization in the proximal tubule cells of the pars recta of the 
outer stripe of the outer medulla (Figure 1A, arrows). These 
changes were observed less frequendy in animals pre-treated with 
4-PBA. TM-injected animals also showed damage to the proximal 
convoluted tubules of the renal cortex with epithelial cell 
vacuolization (Figure 1A, arrow), as observed previously [12]. 
Treatment with 4-PBA partially inhibited this injury. The vascular 
bundles of the renal medulla showed no gross histological change 
upon TM treatment (Figure 1A). The kidneys were scored as 
described in the methods. Results show that mice treated with TM 
alone displayed significantly more damage when compared with 
saline-treated mice. Mice co-treated with TM and 4-PBA suffered 
from less kidney damage than TM alone-treated mice, particularly 
in the pars recta (arrows; Figure IB and 1C). Substantive 
proteinuria was not expected in this model at the 0.5 mg/kg dose 
of TM, however, proteinuria levels were measured and no 
statistical significance was found between any of the groups. 



24 h protein levels were as follows: VEH, 6.23±2.05 mg; TM, 
3.13±1.29 mg; TM ±4-PBA, 5.07 + 0.60 mg. 

To assess if the renal damage involved interstitial fibrosis, mouse 
kidney sections were stained with Masson's Trichrome. Similar to 
PAS staining, Masson's Trichrome staining demonstrated that 
most damage in the kidney occurred in the outer stripe of the outer 
medulla (Figure 2, arrows). A significant amount of damage 
occurred in TM-treated mice, but not in TM + 4— PBA— treated 
mice (Figure 2). Trichrome staining also revealed that TM- 
induced AKI did not elicit a fibrotic response. 

To determine if TM-induced AKI at the 0.5 mg/kg dose 
resulted in detectable functional damage, creatinine levels were 
measured. Blood was collected from mice immediately prior to 
sacrifice. Blood plasma was subsequently analyzed, and it was 
determined that creatinine levels for TM and TM + 4— PBA 
treatment groups did not statistically differ from controls. 
Creatinine concentrations were as follows: VEH, 37. 3 ±1.86 
umol/L; TM-treated, 34.5 ±2.23 umol/L; TM + PBA-treated, 
40.0±1.25 umol/L). 

Since previous work had determined that CHOP 7 mice were 
protected against TM-induced AKI [5] , we attempted to elucidate 
whether 4-PBA, through its action as an ER stress inhibitor, could 
repress CHOP expression. In these experiments, HK-2 cells were 
used as a model of human proximal tubule cells in vitro. Cells were 
treated with VEH, TM, 4-PBA, or TM with 4-PBA for 24 h, and 
were analyzed via Western blotting (Figure 3A). Tunicamycin 
treatment increased GRP78 expression, confirming UPR induc- 
tion. 4-PBA alone did not increase GRP78 expression nor did it 
repress GRP78 expression when combined with TM treatment 
(Figure 3B). Densitometric analysis indicated that TM treatment 
also upregulated CHOP expression in HK-2 cells, while 4-PBA 
did not. Further, 4-PBA partially prevented TM-induced CHOP 
expression in human proximal tubular cells (Figure 3C). 

To determine if TM treatment increased apoptotic cell death in 
human proximal tubule cells and if 4-PBA would inhibit this effect, 
TUNEL staining was performed in HK-2 cells. Apoptotic cell 
death was measured in cells treated with VEH, TM, TM with 4- 
PBA, or 4-PBA alone for 24 h. Results indicate that TM treatment 
resulted in significantly more apoptotic cell death than VEH- 
treated cells. Furthermore, co-treatment with 4-PBA prevented the 
apoptosis (Figure 4A). To determine if CHOP overexpression 
alone was capable of inducing apoptosis, a pcDNA3. 1 plasmid 
vector containing the coding region for the human CHOP protein 
was transfected into HK-2 cells. Cells overexpressing CHOP 
demonstrated significantly more apoptosis than vector control- 
transfected cells (Figure 4B). To determine if CHOP was 
responsible for the apoptosis induced by TM treatment, HK-2 
cells were subjected to siRNA knockdown of CHOP, and treated 
with 1 Hg/ml of TM for 48 h. Non-transfected cells treated with 
TM resulted in a significant increase in apoptosis. Cells transfected 
with CHOP siRNA and treated with TM showed a reduced level 
of apoptosis. TM-induced apoptosis was not affected by the 
scrambled siRNA control (scRNA; Figure 4C). 

Kidney sections from the animal treatment groups were stained 
for CHOP (red) and its expression analyzed in both the cortex and 
medulla (Figure 5A). Results indicate that TM treatment induced 
CHOP expression in the cortex to some degree; however, CHOP 
expression was much greater in the renal medulla. Treatment with 
4-PBA significandy inhibited TM-induced medullary CHOP 
expression (Figure 5B); however, it did not inhibit the lower levels 
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Figure 5. 4-PBA inhibits tunicamycin (TM)-induced CHOP expression in the medulla. Mice were treated with saline (VEH), TM for 3 days, or 
pre-treated with 4-PBA for 7 days followed by 3 days of TM and 4-PBA co-treatment. Kidney sections from untreated or treated mice were 
immunofluorescently stained for CHOP (A). CHOP-stained cells and total cells were counted. Results indicate that TM upregulates CHOP expression 
primarily in the outer stripe of the outer medulla (arrows); TM-induced CHOP expression was lower in the cortex. Further, 4-PBA appears to attenuate 
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the TM-induced CHOP expression in the medulla (arrows) (B), but does not have an effect in the cortex (C). Confocal images demonstrate the 
localization of CHOP in the nuclei of the proximal tubules (pars recta) of the kidney (arrows). * region of damage (D). N = 9. * P<0.05 vs VEH; * 
P<0.05 vs TM. 

doi:1 0.1 371 /journal.pone.0084663.g005 
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Figure 6. 4-PBA inhibits tunicamycin (TM)-induced apoptosis in the medulla. Mice were treated with saline (VEH), TM for 3 days, or pre- 
treated with 4-PBA for 7 days followed by 3 days of TM and 4-PBA co-treatment. Kidney sections from untreated or treated mice were TUNEL stained 
for cells undergoing apoptosis (A). TUNEL-stained cells (red) were counted. Results, expressed as the number of TUNEL positive nuclei per high- 
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powered field (HPF), indicate that TM treatment increases apoptotic cell death in the medulla (arrows). Further, 4-PBA appears to prevent the TM- 
induced apoptosis in the medulla (B). Apoptosis in the cortex did not significantly differ between groups (C). Confocal images demonstrated that the 
localization of apoptotic cells in the kidney was confined to regions of renal damage of the proximal tubular cells. * region of damage; arrow, 
apoptotic nuclei (D). N = 6. *, P<0.05 vs VEH; *, P<0.05 vs TM). 
doi:1 0.1 371 /journal.pone.0084663.g006 



of TM-induced CHOP expression in the renal cortex (Figure 5C). 
Kidney sections stained for CHOP were viewed in combination 
with 488 nm stimulated renal autofluorescence as viewed through 
a FITC band pass filter (green) to show renal anatomy and DAPI 
staining (blue) to identify nuclei. This demonstrated that the main 
area of CHOP staining occurred in the nuclei of proximal tubule 
cells of the pars recta in the outer stripe of the medulla. Confocal 
imaging spatially located this CHOP-linked immunofluorescent 
signal to the nuclei of this cell type (Figure 5D). 

To determine if TM treatment increased apoptotic cell death in 
kidney cells in vivo and if 4-PBA would inhibit this effect, kidney 
sections were stained for apoptotic cell death with the TUNEL 
procedure (Figure 6A). Apoptotic cell death was measured in the 
renal cortex and medulla of mice treated with VEH, TM, or TM 
with 4-PBA. Results indicate that TM treatment resulted in 
significandy increased apoptotic cell death than VEH-treated cells 
in the renal medulla (Figure 6B) but not in the renal cortex 
(Figure 6C). In addition, co-treatment with 4-PBA prevented the 
programmed cell death in the renal medulla. Confocal images of 
kidney sections stained with TUNEL were viewed in combination 
with renal autofluorescence and DAPI staining as above, 
demonstrating that the main area of apoptosis occurred where 
renal damage occurred and the TUNEL signal originated from 
the nuclei of the pars recta (Figure 6D) 

To determine if treatment with 4-PBA affected the expression of 
other ER stress markers in the cortex or the medulla, kidneys were 
stained for GRP78 (Figure 7A). Analysis demonstrated that 
GRP78 expression was significantly increased in the medulla of 

A 



TM-treated kidneys; this effect was inhibited by 4-PBA (Figure 7B). 
GRP78 expression was not increased in the cortex (Figure 7G). 

To investigate whether increased CHOP expression alone may 
be responsible for the AKI induced by our TM model and whether 
inhibiting CHOP expression could explain 4-PBA's protective 
effect, CHOP -7- mice were subjected to the TM model. PAS 
staining was used to examine kidney damage in wild type and 
CHOP 7 mouse kidneys. As previously described, wild type TM- 
treated mouse kidneys suffered from tubular atrophy, loss of brush 
border, and epithelial cell vacuolization in the outer stripe of the 
outer medulla (arrow). However, CHOP -7- mice treated with TM 
did not suffer from any noticeable kidney damage and showed intact 
pars recta (*) (Figure 8). Blood plasma was analyzed for serum 
creatinine, and it was determined that creatinine levels from TM- 
treated CHOP 7- mice did not differ from levels from wild type 
mice (wild type, 34.5±2.23 vs CHOP" 7 ", 34.8±1.19 umol/L), 
both of which were within the normal range. 

To determine if 4-PBA preserved the ultrastructural integrity of 
proximal tubule cells with TM treatment, we utilized TEM. Care 
was taken to focus on the outer medulllary stripe. Wild type TM- 
treated mice demonstrated severe ultrastructural injury in 
proximal tubule cells. Examination of a number of cellular 
organelles, including nuclei, mitochondria, rough ER, as well as 
microvilli, revealed that 4-PBA inhibited TM-induced ultrastruc- 
tural injury. Further, the ultrastructure of TM-treated CHOP 7 
mice appeared similar to that of VEH-treated wild type and 
CHOP" 7 " mice and showed less ultrastructural abnormalities 
than TM-treated wild type mice (Figure 9). 






Figure 7. 4-PBA inhibits tunicamycin (TM)-induced GRP78 expression in the medulla. Mice were treated with saline (VEH), TM for 3 days, 
or pre-treated with 4-PBA for 7 days followed by 3 days of TM and 4-PBA co-treatment. Kidney sections from mice were immunofluorescently stained 
for GRP78 (arrows) (A). The area of GRP78 staining was determined through wavelength specific thresholding. Results demonstrated that TM 
treatment led to upregulation of GRP78 expression, mainly in the medullary region of the kidney; this was inhibited by co-treatment with 4-PBA (B). 
Comparatively less GRP78 staining was found in the cortex of the kidney (Q. N = 9. *, P<0.05 vs VEH; *, P<0.05 vs TM. 
doi:10.1371/journal.pone.0084663.g007 
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Figure 8. CHOP deficiency protects against tunicamycin (TM)- 
induced acute kidney injury. Kidney sections from C57BL/6 wild 
type mice and CHOP~ / ~ mice treated with saline (VEH) or TM for 3 days 
were PAS stained. Staining demonstrates that CHOP - ' - mice treated 
with TM did not display pathological signs of acute kidney injury like 
wild type mice, including those found in the pars recta (*). High 
magnification images are of the outer stripe of the outer medulla, the 
main area of damage in the wild type mice (arrow). 10x, bar = 350 am; 
20x, bar = 200 urn; 60x, bar = 50 urn. 
doi:1 0.1 371 /journal.pone.0084663.g008 

Discussion 

TM is a well-known ER stress inducer, and has previously been 
used as a model of antibiotic-induced AKJ [11,12]. Using mouse 
embryonic fibroblasts, researchers demonstrated that knockout of 
CHOP inhibits TM-induced effects, including decreased levels of 
GADD34 expression, and increased phosphorylation of eIF2cx. 
CHOP knockout also prevents TM-induced AKI in mice. CHOP 
heterozygous mice treated with TM suffered from pyknotic nuclei 
(a marker of apoptosis), cellular casts in the urine, and cellular 
debris in the tubules, unlike CHOP _x_ mice. CHOP -x,_ mice 
also displayed significantly less apoptosis. Additionally, in mice 
with mutant GADD34 incompetent to bind to PP1 and 
dephosphorylate eIF2oc, protection against TM-induced AKJ is 
similarly observed [5]. This model of ER stress-induced AKJ 
differed from our model only in the dose of TM applied, where 
previously 1.0 mg/kg was used, we used a lower dose of 0.5 mg/ 
kg. Our results in regard to the protective effect of CHOP 
knockout at this lower dose of AKI induction are in agreement 
with the previous study. 

We found that 4-PBA was able to prevent or partially prevent 
the pathologic changes associated with TM-induced AKI. As 
previously mentioned, 4-PBA has an effect as an ER stress 
inhibitor [18-20]; however, 4-PBA also acts as a HDAC inhibitor 
[17]. Its effects on protein acetylation may extend beyond those 
affecting histones. HDAC inhibitors are known to prevent 
deacetylation of spliced XBP1, increasing stability and transcrip- 
tional activity [33]. Spliced XBP1 is a key transcriptional inducer 
of the IRE 1 arm of the UPR and may protect against apoptosis by 
upregulating the expression of protein folding chaperones, 



including GRP78 [34]. If 4-PBA increased spliced XBP1 stability 
and transcriptional activity, it may have led to increased GRP78 
expression early in TM-induced AKI (18-24 hours). This would 
have resulted in reduced UPR activation through GRP78- 
mediated repression of PERK and IRE1 autophosphorylation. 
Diminished PERK response would then have resulted in the lower 
TM-induced CHOP expression observed at the 3-day time point. 
However, we found a repression of GRP78 expression at the 3-day 
time point in our TM model, coinciding with CHOP repression. 
This suggests that the primary mode of action for 4-PBA, in the 
animal model, was to repress ER stress in general and protect 
against renal epithelial cell death unrelated to its HDAC inhibitor 
properties. A similar effect of 4-PBA treatment on the inhibition of 
TM-induced neuronal cell death was attributed to be due to its 
protein folding chaperone properties, rather than its HDAC 
inhibitor properties through the derivation of compounds with 
similar molecular structure but varying protein folding chaperone 
and HDAC inhibitor properties [35]. 

4-PBA has previously been shown to repress ER stress. Liver 
and adipose tissue of ob/ob mice treated with 4-PBA displayed 
significandy lower levels of the ER stress markers, phospho-PERK 
and phospho-IRE 1 , when compared with vehicle-treated mice 
[21]. Similar results were found in vitro, with reduced levels of 
GRP78 and phospho-eIF2ot found in rat hepatoma cells treated 
with 4-PBA [36]. In fact, 4-PBA may even alleviate lipid-induced 
insulin resistance and P-cell dysfunction in obese individuals by 
inhibiting ER stress [19]- The main effect of 4-PBA treatment on 
human proximal tubular cells in vitro was to repress the pro- 
apoptotic gene CHOP induced by TM treatment while maintain- 
ing cytoprotective levels of GRP78 expression. Further, we 
demonstrated through plasmid-mediated CHOP expression that 
CHOP overexpression alone was capable of inducing proximal 
tubular cell apoptosis and that the siRNA-mediated inhibition of 
CHOP expression prevented apoptosis. 

In the animal model, TM-induced AKJ resulted in increased 
GRP78 and CHOP staining in mouse kidneys, indicating the 
development of ER stress. As previously noted, GRP78 is a 
common marker of ER stress, as it binds to unfolded or misfolded 
proteins in the ER and is transcriptionally upregulated by ER 
stress through the UPR [1]. CHOP is a transcription factor 
involved in ER stress, and has been characterized as a pro- 
apoptotic protein [5] . Treatment with TM increased levels of ER 
stress markers, such as CHOP, particularly in the pars recta of the 
renal medulla. Others have demonstrated intense CHOP nuclear 
staining in the cortex of kidneys from TM-treated mice [1 1]. We 
suspect this variation is due to different concentrations of TM 
treatment, with higher concentrations causing more severe renal 
damage in the cortex. As previously mentioned, we treated our 
mice with 0.5 mg/kg TM, while researchers demonstrating 
cortical CHOP staining utilized a higher dose of 1.0 mg/kg TM 
[1 1]. Treatment with 4-PBA resulted in significandy lower levels of 
ER stress marker proteins, demonstrating inhibition of ER stress in 
the kidney with 4-PBA treatment. These results indicate that the 
major mechanism by which 4-PBA prevents TM-induced AKI 
may be through inhibition of ER stress. This inhibition of ER 
stress in the kidneys also coincided with 4-PBA's inhibition of renal 
apoptosis in the pars recta. 

Through our TEM examination, we found that treatment with 
4-PBA prevented TM-mediated ultrastructural damage to the 
proximal tubule cells in the pars recta of the outer medulla. W e 
found through ultrastructural examination that CHOP knock out 
had a protective effect against TM, similar to treatment with 4- 
PBA. We suggested previously that 4-PBA prevents TM-induced 
kidney damage through the inhibition of ER stress. Since we have 
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Figure 9. 4-PBA protects ultrastructure of pars recta against tunicamycin (TM)-induced acute kidney injury. Transmission electron 
microscopy was used to visualize the ultrastructure of proximal tubule epithelial cells in the pars recta of kidneys from wild type and CHOP - ' - mice. 
Low magnification image (blue sections) show regions of outer medulla prepared for ultra-thin sectioning (red box). Proximal tubule cells of wild type 
sham-treated mice within this region showed prominent brush border with microvilli and nuclei. Detailed images show numerous mitochondria in 
the perinuclear region, rough endoplasmic reticulum and pinocytotic vesicles (A). Wild type mice treated with TM (0.5 mg/kg) showed severe 
disruption of proximal tubule cells within the outer medulla where most of the cytoplasm of these cells was lost or degraded (*). However, microvilli 
on the brush border remained visible, as well as nuclei and mitochondria within the cytoplasm. Further, the basement membrane remained intact (B). 
In contrast, co-treatment of TM with 4-PBA (1 g/kg/day) preserved the proximal tubule cells of the outer stripe, which displayed intact cytoplasm, 
undamaged nuclei, mitochondria, and rough endoplasmic reticulum (C). Kidneys of CHOP - ' - mice displayed proximal tubule cells in the outer 
medulla, which did not differ from those of wild type mice (D). CHOP deficiency protected the proximal tubular cells from TM treatment, maintaining 
undamaged nuclei, mitochondria and rough endoplasmic reticulum in the cytoplasm. Infrequent cells displaying ultrastructural degeneration similar 
to that found in wild type TM-treated mice remained in TM-treated CHOP - ' - mice (*) (E). MV, microvilli; N, nuclei; M, mitochondria; RER, rough 
endoplasmic reticulum; V, pinocytotic vesicles; BM, basement membrane. Low mag, bar = 2 urn; 12 000 x, bar = 2 urn; 40 000 x, bar = 500 nm. 
doi:1 0.1 371 /journal.pone.0084663.g009 



demonstrated that 4-PBA inhibits the expression of CHOP 
induced by TM and that CHOP 7 mice are also protected at 
the ultrastructural level from TM-induced toxicity, we conclude 



that 4-PBA prevents TM-induced kidney damage through a 
CHOP-mediated mechanism. 

As such, the ability of 4-PBA to directly aid in the reduction of 
misfolded proteins in the ER [37,38] appears to be the molecular 
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mechanism behind its ability to inhibit ER stress, as shown by 
repressed UPR marker expression of both GRP78 and CHOP in 
vivo. In particular, the reduction in CHOP expression may be 
responsible for preventing the tubular damage associated with 
TM-induced nephrotoxicity. This conclusion is corroborated by 
previous reports demonstrating similar results, in which 
CHOP" x " and GADD34 mutant mice were protected from 
TM-induced kidney damage. In these studies, wild type mice 
suffered from extensive tubular interstitial damage, including 
apoptosis at the cortico-medullary junction [5], similar to ATN. A 
further study demonstrated that TRIF-dependent toll-like receptor 
engagement, brought about by lipopolysaccharide treatment, 
repressed CHOP expression and renal injury in TM-treated mice 
[39]. As mentioned, these TM-induced insults are comparable to 
our results, suggesting that ER stress is the main mechanism by 
which TM causes AKI. This also indicates that it is by inhibiting 
ER stress, and in particular CHOP expression, that 4-PBA 
protects the kidney from the damage caused by TM. To confirm 
these findings we also subjected CHOP -7- mice to our model of 
TM-induced AKI and demonstrated that CHOP deletion in the 
presence of TM treatment prevented ER stress-induced AKI, at 
both a light level and ultrastructurally. Thus, 4-PBA, being an 
approved pharmaceutical with demonstrated CHOP repressing 
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current clinical use and is well-tolerated, it is an attractive agent for 
study in situations where AKI might be expected to occur. 
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